Bacterial blight (BB) disease reduces the yield of rice varieties and hybrids considerably in many 31 tropical rice growing countries like India. The present study highlights the development of durable BB 32 resistance into the background of an elite maintainer of rice, DRR17B, by incorporating two major 33 dominant genes, Xa21 and Xa33 through marker-assisted backcross breeding (MABB). Through two sets 34 of backcrosses, the two BB resistance genes were transferred separately to DRR17B. In this process, at 35 each stage of backcrossing, foreground selection was carried out for the target resistance genes and for 36 non-fertility restorer alleles concerning the major fertility restorer genes Rf3 and Rf4, using gene-specific 37 PCR-based markers, while background selection was done using a set of 61 and 64 parental polymorphic 38 SSR markers respectively. Backcross derived lines possessing either Xa21 or Xa33 along with maximum 39 genome recovery of DRR17B were identified at BC 3 F 1 generation and selfed to develop BC 3 F 2 s. Plants 40 harboring Xa21 or Xa33 in homozygous condition were identified among BC 3 F 2 s and were intercrossed 41 with each other to combine both the genes. The intercross F 1 plants (ICF 1 ) were selfed and the intercross 42 F 2 (ICF 2 ) plants possessing both Xa21 and Xa33 in homozygous condition were identified with the help 43 of markers. They were then advanced further by selfing until ICF 4 generation. Selected ICF 4 lines were 44 evaluated for their resistance against BB with eight virulent isolates and for key agro-morphological 45 traits. Six promising two-gene pyramiding lines of DRR17B with high level of BB resistance and agro-46 morphological attributes similar or superior to DRR17B with complete maintenance ability have been 47 identified. These lines with elevated level of durable resistance may be handy tool for BB resistance 48 breeding. 49 50
53
Introduction 81
DRR17B is a promising maintainer line developed by ICAR-Indian Institute of Rice Research,
82
Hyderabad, India [18] . It is however highly susceptible to BB of rice. In the present study, two major 83 dominant BB resistance genes, Xa21 and Xa33 were introgressed into the genetic background of 84 DRR17B through marker-assisted backcross breeding to develop improved DRR17B lines with broad 85 spectrum resistance against BB.
87
Materials and methods 88 Plant materials 89 Improved Samba Mahsuri (ISM) is a recently released high-yielding and fine grain rice variety 90 possessing BB genes, xa5, xa13, and Xa21 [14] . It was used as a donor for Xa21 [18] . A Near Isogenic 91 Line (NIL) of Samba Mahsuri (FBR1-15EM) served as the donor for Xa33 [17] . The popular but BB 92 susceptible maintainer line DRR17B was used as a recurrent parent. It was developed by ICAR-Indian 106 tightly linked markers, viz., DRCG-RF4-14 and DRRM-RF3-10, respectively [19] . BC 1 F 1 plants 107 possessing BB genes and a non-restoring allele concerning Rf4 and Rf3 in homozygous condition were 108 selected following the procedure described by [18] . These plants were later screened with a set of 109 parental polymorphic SSR markers (61 markers specific to the cross DRR17B/ISM and 64 markers 110 specific for the cross DRR17B/FBR1-15EM) through background selection to identify a single BC 1 F 1 111 plant from each cross possessing maximum recovery of the recurrent parent genome. The selected plant 112 was backcrossed once again with DRR17B.
113 114 Fig.1 . Marker-assisted backcrossing scheme adopted in the study.
116
The process of marker-assisted backcrossing was repeated until BC 3 generation, and BC 3 F 1 plants 117 of DRR17B possessing either Xa21 or Xa33 and maximum recovery of recurrent parent genome were 118 then selfed to obtain BC 3 F 2 s. Plants homozygous for either Xa21 or Xa33 were identified among the 119 BC 3 F 2 plants and the best plants from the two crosses were intercrossed to obtain intercross F 1 s (i.e., 120 ICF 1 s). 'True' ICF 1 plants were identified by screening with molecular markers specific for Xa21 and Andhra Pradesh) were used to screen the ICF 4 lines of DRR17B (possessing the gene combinations 134 Xa21+Xa33, Xa21 alone or Xa33 alone) along with the donor parents/resistant check, ISM (possessing 135 xa5+xa13+Xa21), FBR1-15 (possessing Xa33) and BB recurrent parent and susceptible check (DRR17B 136 and TN1) were screened under glasshouse conditions for their resistance/susceptibility against BB. The
137
Xoo strains were cultured and stored as described by [12] . The rice plants were clip-inoculated with a 138 bacterial suspension of 10 8-9 CFU/ml at maximum tillering stage (45 to 55 days after transplanting)
139
through the methodology of [20] . Approximately, 5 to 10 leaves were inoculated per plant, and the RPG recovery of 75% were identified to be the best ones (i.e. having a maximum recovery of DRR17B genome) and were used for further backcrossing. The process of marker-assisted backcrossing was carried out until BC 3 F 1 generation (details given in Table 1 ). At BC 3 F 1 , plant # IIRRGP3-87-64 from identified to be superior and were selfed to generate BC 3 F 2 s. With regards to the BC 3 F 2 s produced from each other to generate intercross F 1 s (i.e., ICF 1 s). Out of 68 ICF 1 s, 63 were identified to be heterozygous 182 for both Xa21 and Xa33 (i.e. true intercross F 1 s), and they were selfed to obtain ICF 2 generation. At ICF 2 , 183 a total of 309 plants were screened with markers specific for Xa21 and Xa33 and 18 were identified to be based pedigree selection. At ICF 4 generation, six promising lines which were similar to the recurrent 187 parent were identified (line #IIRRIC 10-8-94, IIRRIC 10- and analysed for their resistance to BB, sterility maintenance 189 ability and also characterized for important agro-morphological traits. Among the six improved lines, line 190 # IIRRIC102-26-7 exhibited the highest recurrent parent genome recovery with more than 95% along 191 with minimal linkage drag on carrier chromosomes (Fig 3) . 
Phenotypic evaluation of improved lines for BB resistance 216
The recurrent parent, DRR17B (with lesion lengths ranging from 18.8 to 33.1 cm) and 217 susceptible check TN1 (with lesion lengths ranging from 20.9 to 33.8 cm) showed a disease score of 9 218 against all the eight isolates of the Xoo (Table 2 ; Fig 4 depicted as graph). The resistant check and the 219 donor for Xa21 gene ISM (possessing Xa21, xa13, and xa5) showed a score of 3 against all the isolates 220 (with an average lesion length ranging from 1.6 to 3.6 cm). FBR1-15, the donor for Xa33 gene and 221 improved DRR17B lines possessing Xa33 (# IIRRGP22-73-10-15-13-2) showed a resistance score of 3 222 with most of the isolates (with lesion lengths ranging from 1.7 to 4.8 cm), with two isolates, IX-002 and 223 IX-281 recorded moderate resistance reaction with a score of 5 (average lesion lengths ranging from 7.3 224 to 9.7 cm and 7.5 to 9.2 cm). The improved lines of DRR17B containing only Xa21 (# IIRRGP3-87-64-225 22-4-50) showed a resistance reaction against two isolates viz., IX-002 and IX-090 with a score of 3 (with 226 lesion lengths of 2.8 to 4.3 cm and 2.0 to 2.8 cm, respectively), while with three isolates, viz., IX-020, IX-227 027 and IX-281, the line with only Xa21 exhibited moderately susceptibility with a score of 7 (with 228 lesion lengths of 12.5 to 14.7 cm, 13.1 to 14.5 cm and 13.0 to 14.6 cm, respectively). Further, the line 229 showed highly susceptible reaction with a score of 9 (with lesion lengths of 20. lines showed moderate susceptibility with a score of 7 and high susceptibility having a score of 9 (Lore et al., 2011) . Breeding line 2 represents DRR17B line 250 containing Xa33 gene, except for two isolates (viz., FZB and TNK12-3 moderate resistance with a score of 5) while the remaining isolates showed a 251 resistance reaction score of 3. Breeding lines 3-8 represent improved lines of DRR17B containing Xa21 + Xa33 genes that exhibited a high level of resistance 252 with a score of 1 against all eight isolates. Resistant checks 9 and 10 represent ISM, which showed resistance against all eight isolates with a score of 3 and 253 another resistant check, FBR1-15, which showed resistance reaction score of 3 except the two isolates that showed moderate resistance with a score of 5.
254
Recurrent parents 11 and 12 represent DRR17B and susceptible check TN1 that exhibited highly susceptible reactions against all eight isolates with a score of 
257
Characterization of ILs for maintainance ability and agro-259 morphological traits 260 We screened the six improved lines for their maintainance ability. Three showed partial 261 spikelet fertility, while the remaining three lines (viz., line # IIRRIC102-26-7, IIRRIC123-34-84, and 262 IIRRIC172-77-12) showed complete spikelet sterility when crossed with the WA-CMS line, IR58025A
263
( IR58025B, through marker-assisted selection for target traits in the initial stages and phenotype-based 310 selection at later stages and the same methodology was also adopted in the current study.
312
So far, at least 41 genes conferring resistance against BB have been identified in rice [9, 10, 11]. Among 313 them, the wild rice derived gene, Xa21 encoding a receptor kinase-like protein has been successfully deployed by many research groups across the world, as it has been documented to confer broad-spectrum resistance against the BB disease [13, 14, 18, 26, 28, 29, 30, 31, 32] . The commonly used BB resistance 316 gene Xa21 has been tagged and mapped on chromosome 11 with a tightly-linked PCR-based marker 317 pTA248 [16] . Xa33, the wild rice derived BB resistance gene has been reported to confer broad spectrum 318 resistance [17] and the gene has been deployed by the research group at Tamil Nadu Agricultural
319
University, Coimbatore, India and the breeding lines possessing Xa33 were observed to be very effective 320 in terms of their BB resistance [33, 34] . Hence, these two broad spectrum resistance genes were selected 321 for introgression into the DRR17B. Fig 4) . It is 330 earlier known that Xa21 confers broad spectrum resistance against many of the virulent pathotypes of 331 Xoo in India [13, 14] and several studies have indicated the suitability of Xa21 in BB resistance gene 332 pyramiding programmes [8, 14, 28, 35, 36] . However, in this study, a few isolates of the pathogen were Fig 4) .
345
It is a known fact that long term cultivation of rice varieties possessing single resistance 346 gene can result in the breakdown of resistance by faster development of virulent pathogens [37, 38, 39] .
347
Hence, pyramiding of multiple resistance genes has been advocated to be one of the best strategies to 348 achieve durable dual-resistance [14, 40, 41] . In our present study, the genotype ISM (with Xa21 + xa13 + observed concerning number of days to 50% flowering in some of the backcross derived plants ( Table 3) .
373
No significant differences were observed between improved versions of DRR17B and recurrent parent 374 DRR17B concerning other agro-morphological characters or grain type and the lines mostly resembled 375 the original recurrent parent. The approach of coupling of MABB with phenotypic selection adopted in 376 this study helped to regain most of the key agro-morphological traits of DRR17B, while simultaneously 377 helping in the selection of some superior backcross derived segregants of DRR17B possessing BB 378 resistance.
379
The 
